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The first monolithically integrated all-optical single-sideband filter based on photonic Hilbert transform and planar Bragg 
gratings is proposed and experimentally demonstrated. Single-sideband suppression of 12 dB at 6 GHz and sideband 
switching are achieved via thermal tuning. An X-coupler, photonic Hilbert transformer, flat top reflector and a micro heater 
are incorporated in a single silicon-on-silica substrate. The device can be thermally tuned by the micro heater on top of the 
channel waveguide. The device is fabricated using a combination of direct UV grating writing technology and 
photolithography.  
Single-sideband (SSB) modulation is a well-known 
technique in telecommunications for improving 
performance in terms of required power, enhancing 
spectral efficiency and reducing fading. In the 
conventional electronic domain, Hilbert transform 
techniques have been widely used in SSB modulation 
applications, and devices have been implemented in 
both analogue and digital systems and geometries [1]. 
In the all-optical field, photonic Hilbert transformers 
(PHTs) offer potential for a wide range of applications 
as they provide operational bandwidths and speeds 
far beyond current electronic technologies. In addition 
they also reduce dispersion related artifacts such as 
signal power fading [2]. Various methods have been 
demonstrated to produce PHTs, e.g. in phase-shifted 
apodized fiber Bragg gratings (FBGs) [2, 3], free 
space optical components [4], Mach-Zehnder 
interferometers with optical delay lines [5, 6], 
sampled FBGs [7] and a programmable wave-shaper 
[8]. Previous works on all-optical SSB modulation 
such as that reported in [2, 7] deal with complex 
fiber-based schemes comprising optical circulators, 
attenuators and optical delay lines. The complexity 
and size of physically realizing these schemes results 
in costly systems that lack the mechanical and 
thermal stability required for system applications. 
In this work, we demonstrate a monolithically 
integrated all-optical SSB filter, for the first time to 
our knowledge. This initial proof-of-concept device 
shows 12 dB suppression ratios at 6 GHz microwave 
frequency. We use a silica-on-silicon planar format 
[9], which provides a route to realize compact optical 
modules for integrated optical applications. This 
device has the benefits of an integrated single chip, 
direct thermal tuning, UV phase trimming, fiber 
compatibility, long term thermal stability and could 
be used alongside conventional etched silica-on-silicon 
devices. 
The integrated photonic device is composed of an 
X-coupler [10], a PHT, a flat top reflector and a micro 
heater, as shown in Fig. 1 [11]. The PHT was 
implemented using an apodized planar Bragg grating 
with a π phase shift within the grating [3]. A sinc-
apodized Bragg grating was utilized as the flat top 
reflector. By applying DC voltages to the miniature 
nichrome heater, the phase of the optical signal can 
be finely trimmed through thermal tuning.  
We consider the case in which light is coupled into 
port A and received from port B, and assume that 
both arms have identical waveguide structures. From 
waveguide coupler theory [12], we get   
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where κ is the coupling coefficient and l is the 
coupling length. After reflection from the gratings, 
optical fields 1a  and 1b  become 
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where –βL is the phase shift due to propagation in 
two arms, β is the wave number and Φ is the extra 
phase shift due to thermal tuning. Φ = βΔL where ΔL 
is the equivalent path length difference. The extra 
phase shift of light in one round trip is 2Φ. h(Δω) and 
g(Δω) are reflection coefficients of the PHT and the 
flat top reflector respectively. Δω= ω-ω0 where ω is the 
frequency parameter and ω0 is the central frequency. 
The device output b0 is: 
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Fig. 1. The principle scheme of the integrated all-optical SSB 
filter via thermal tuning. 
The Hilbert transform grating response function in 
the frequency domain is [1]: 
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where sgn(Δω) is the sign function (which is +1 for  
∆ω>0 and 1  otherwise), Π(Δω) is the rectangular 
function (window function), and r0 is the maximum 
reflection coefficient. The PHT has a π phase shift at 
Δω=0, whereas the amplitude remains constant. For a 
physically realizable PHT, a practical grating 
apodization profile has been given in [3]: 
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where neff is the grating effective refractive index, c  is 
the light speed in vacuum, z is the grating length, z0 
is the zero-crossing point in the apodization function, 
and Δf is the operative bandwidth. 
Sinc-apodization of Bragg gratings are used to 
generate flat top and dispersion-less reflectors [12]. 
In our case a sinc-apodized grating design is used to 
obtain similar bandwidth and amplitude responses 
as our PHT. The grating frequency response is: 
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The grating apodization profile is given as: 
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 A transfer matrix method was employed for the 
calculation of the expected device output by 
calculating the fields in Eq. (5). Figure 2 illustrates 
the reflectivity spectra of the individual Bragg 
gratings, the device output (with ΔL of 0.2 μm and 
0.4 μm), and a pseudo color plot of the spectra as a 
function of ΔL. Figures 2(a) and 2(b) demonstrate the 
similarity of the sinc-apodized grating response to 
that of the PHT, except the π phase-shift at the 
central wavelength. Figure 2(c) shows the resulting 
interfered output from the device for two optical path 
difference scenarios, where the opposite side lobes 
are suppressed. Figure 2(d) presents the effect of 
optical path difference over an extended range 
showing a periodic variation. 
The proposed planar structures were fabricated 
using the direct UV gating writing technique [11]. 
This method involves focusing two crossed laser 
beams (λ = 244 nm) into the photosensitive core of a 
planar sample. Precise translation of the sample and 
modulation of the interference pattern creates grating 
structures and simultaneously defines the channel 
waveguide.  
The fabricated chip had dimensions of 20 mm x 10 
mm x 1 mm and a three-layer silica-on-silicon 
substrate, containing a thermal oxide layer (lower 
clad), core and an upper clad. The thickness of the 
core was ~6 μm, which ensured lateral single mode 
operation. The two gratings were both 10 mm long, 
the effective refractive index of the mode within the 
gratings was 1.447, and the maximum refractive 
index modulation depth was Δn=0.0003. The X-
coupler length was ~7.5 mm, with crossing angle 2.5 
degrees, yielding ~50:50 coupling ratio. The spacing 
between the X-coupler arms was 250 μm to provide 
coupling with a standard two port fiber v-groove 
assembly, shown in Fig. 3(a). The fiber v-groove 
assembly contained two pre-aligned single mode 
polarization maintaining (PM) fibers and was aligned 
to the waveguide channels and secured using a UV 
curing adhesive.  
To deliver the thermal energy a 50 μm-wide by 210 
nm-thick nichrome filament was deposited over a 1 
mm length of waveguide, as shown in Fig. 3(b), using 
photolithography and electron beam metal 
evaporation. The micro heater’s resistance was 
measured to be 320 Ω. The applied DC voltages were 
tuned between 0 V and 22 V by a power supply. The 
whole device was thermally bonded to a metal block 
to act as a simple thermal reservoir. The high 
thermal conductivity of the silicon substrate ensures 
that the gratings and surrounding waveguides away 
from the heater are substantially independent of the 
heater temperature [13]. 
Fig. 2. Simulation: (a) the PHT and sinc-apodized gratings 
amplitude spectra; (b) normalized gratings phase spectra; (c) 
device outputs with ΔL at 0.2 µm (red) and 0.4 µm (blue); (d) the 
intensity color map of the output spectra as a function of ΔL. 
Fig. 3(a) The fabricated device with electro heating elements and 
a fiber pigtail; (b) the image of Nichrome heater (50 µm wide) on 
top of the waveguide; (c) the experimental setup of the optical 
SSB modulation system. 
Figure 3(c) shows the experimental setup of the all-
optical SSB modulation system. To characterize the 
sideband suppression the output from a polarized CW 
tunable laser source (TLS, Agilent 81600B) is sent to 
a PM electro-optic modulator (EOM) which is 
amplitude modulated by the RF signal from a vector 
network analyzer (VNA, Agilent 8753ES). The double 
sideband (DSB) optical signal from the EOM was 
launched into port A of the device and spectral 
characteristics were measured by an optical spectrum 
analyzer (OSA) from port B. 
 The experimental performance of the fabricated 
device for microwave operation is investigated. Figure 
4(a) shows the PHT (blue) and the sinc apodized 
grating (red) amplitude responses measured from 
ports C and D. Figure 4(b) shows the output spectra 
via thermal tuning at 0 V (blue) and 14 V (red), 
directly measured from port B of the device. Both 
figures (a) and (b) were measured using an OSA, 3dB 
coupler and an erbium doped fiber ASE source. 
Figure 4(c) shows the modeled data (solid line) and 
experimental data (dots) of the optical amplitude 
variation at 50 GHz frequency interval (measured 
optically with the OSA) versus thermal tuning. 
Figure 4(d) shows the SSB suppression ratio (defined 
as the ratio between the power of suppressive 
sideband and that of another sideband [5]) with 
wavelength detuning at 6GHz. The maximum SSB 
suppression effect occurs when operating at the notch 
wavelength of the PHT spectrum, i.e. 1549.21 nm. 
The notch wavelength shift was obtained if the entire 
chip was heated up [13]. Figure 4(e) shows the input 
DSB signal at 6 GHz (black dotted line), the lower 
sideband signal (LSB, blue solid line) and the upper 
sideband signal (USB, red solid line). The 
measurements show a 12 dB SSB suppression ratio 
for the filtered sideband. The modulation bandwidth 
of the data presented (at 6 GHz) is limited by the 
available characterization equipment and not the 
device. The operation bandwidth could be up to 100 
GHz according to the data shown in Fig.4 (b). The 
total insertion loss of the actual device was ~20 dB 
due to coupling loss, propagation loss in the X-
coupler and low grating reflectivity. This can be 
reduced substantially by improving the X-coupler 
losses and using stronger gratings designed 
appropriately by inverse scattering methods [14]. 
 In conclusion, we have modeled and 
experimentally demonstrated a continually tunable 
integrated all-optical SSB filter based on a photonic 
Hilbert transformer. A 12 dB sideband suppression 
ratio at 6 GHz was obtained and maximized by 
thermal tuning via a micro heater. In the future, 
removal of the micro heater and greater SSB 
suppression could be achieved by passive phase 
trimming and optimization of the X-coupler and 
grating designs which would reduce response ripple. 
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